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The combined experimental-computational study has been performed to investigate the complexes formed
between C;q carbon allotrope and piperidine. The results of FT-IR, H-NMR, and C-NMR measurements,
together with the calculations based on the DFT approach and molecular dynamics simulations, prove the
existence of dative/covalent bonding in C;o- - -piperidine complexes. The dative bond forms not only at the
region of five- and six-membered rings, observed previously with Cgo, but also at the region formed of six-
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1. Introduction

Fullerene, ball-shaped compounds composed of five- and six-
membered rings, their functionalized derivatives, and supra-
molecular assemblies are nowadays widely investigated systems
for their promising applications in medicine and material
chemistry (see the most recent reviews in ref. 1-6). Compared
to the most abundant Cgg, the chemistry of C;, is less known,
although its adducts’ performance, e.g., in the solar cells,
sometimes appears superior to their Cgo-analogues.” Despite
their similar physical and chemical properties® " structural
differences between Cgo and C;, have resulted in frequently
observed diverse reactivity (see ref. 12 and discussion below).
Unlike the spherically symmetric Cq, possessing I;, symmetry
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modified fullerenes and their applications in electrocatalysis, spintronics, and energy storage.

with all carbon atoms equivalent, C,, has a less symmetrical
structure of Dy, with five different types of carbon atoms™* (see
Scheme 1). A vast number of studies on the addition reactions
with C, including the addition of secondary amines, under
various conditions, have been reported,"*>* showing signifi-
cant regioselectivity owing to differences in reactivity of the
polar and equatorial regions of the C, structure.

High reactivity towards addition reactions stems from a dis-
tortion of the m-conjugation from planarity, decreasing p-orbital
contributions involved to the m-bonds and increasing s-orbital
contribution to sp® carbon atoms, respectively; hence, there is a
significant decrease of aromaticity character of these spherical
carbon allotropes and enhanced capability to accept electrons.*®
Besides the widely studied addition reaction mechanism, as
demonstrated for Cy, in the above references, electron-accepting
properties of fullerenes proved to facilitate also binding of
nucleophilic agents, such as the secondary amine, piperidine
(pip), by the N—C dative/covalent bond (further abbreviated as
N— C bond). As shown in ref. 27, dative bond (DB) complexes can
coexist with non-covalent complexes of piperidine and cage-
shaped carbon allotropes. Computational studies on pip com-
plexes with C,,, formed exclusively by five-member rings, and with
Ceo, With five- and six-member rings, demonstrated the stronger
binding character of the former complexes. The failure to form
the N—C bond in non-planar carbon allotropes formed exclu-
sively by six-member rings, such as carbon nanotubes with
different diameters, led to the conclusion that the presence of
five-membered rings is of crucial importance in binding.
Such prediction was based on a larger aromaticity decrease in
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Scheme 1 lllustration of five unequal sites of Cq differentiated by colors.
The sites considered for piperidine binding are indicated by blue (A-sites),
red (B-sites), and green (C-sites), respectively.

five-member rings, which tend to localize double bonds, thus
preventing n-electrons from conjugation.>$?°

To further explore the structural requirements to form the N—C
bond in cage-shaped carbon allotropes, the next most abundant
C,o was considered in the present study employing a combination
of IR and NMR spectroscopies and computational modeling,
including interaction and binding free energy calculations and
molecular dynamics simulations of Cq - -(pip), complexes. The
calculations consider three carbon-sites (Scheme 1): (i) sites A and B
located at five- and sixmember rings and differing by their
localization within C, and (ii) site C located within the structure
fragments formed solely by six-member rings. The former two sites
are similar to the carbon site of Cgo. To rationalize differences in
N—C bond strengths, the local electrophilicity index calculations,
using Fukui functions®**' were performed. These functions provide
atom-specific information on the propensity to undergo electro-
philic or nucleophilic attack.*” Recently, Fukui indices were used
extensively, e.g., for a successful rationalization of favorable and
competing reactive sites in fullerenes.>*~*

The present results show different stabilities of C;¢- - -(pip)y 2
complexes depending on the type of carbon site involved in the
reaction. A stronger dative bond is formed at A- and B-sites, i.e.,
located at five- and six-member rings, while binding to C-site
formed solely by six-member rings is weaker. The significant
out-of-plane nonplanarity explained the unexpected formation
of the dative bond in the latter region. When the entropy is
considered, only the former sites’ complexes remain stable up
to 300 K. Existence of the N— C bond is confirmed by IR and
NMR measurements. The presented results confirm the regios-
electivity observed for the addition mechanism and provide
useful information on structure-specific functionalization.

2. Methods

2.1. Calculations

Calculations were performed using the dispersion-corrected-
DFT method, employing the PBE0-D3***” functional with
Becke-Johnson damping (B])*® and def2-TZVPP*® basis set,
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whose reliability has been verified in our previous paper.*’
All interactions are described in terms of interaction and
binding free energies at 298 K; zero-point energies were
included. The free energy calculations, performed at the
PBE0-D3/def2-TZVPP level, were calculated using the Gaussian 09"°
program package. The solvent effects were described via the
COSMO solvation model,** with the dielectric constant value of
5.9. The nucleus-independent chemical shift (NICS) calcula-
tions were carried out at wB97XD/def2-TZVP*>*’ level, using the
PBEO-D3 optimized geometries with gauge-invariant atomic
orbitals (GIAO).**** The reliability of this method for the chemical
shifts’ calculations in C-, was investigated previously.*

The systems’ stability is defined by two terms, the intrinsic
(AE™™) and total (AE) interaction energies. AE™™® is defined
as a difference between energy of the optimized complex and
the sum of subsystem energies calculated at the complex
geometries. AE includes the deformation energies (AEY")
obtained as a difference of the subsystem energies calculated
at the complex’s optimized geometry and the equilibrium
geometries of isolated subsystems.

The MP2 calculations of AE™™ have been performed using
the Psi4*” code.

To obtain a more realistic description of C, solvation, the
molecular dynamics (MD) simulations were performed. These
simulations use the AM1-D semiempirical approach since the
previously used DFT method is prohibitive due to the system’s
size. We have shown that in terms of stabilization energies and
the minimum characterization on Cg,- - -(pip),, complexes, this
approach gives the best agreement with respect to the bench-
mark calculations among other semiempirical methods.>”

The MD simulations have been performed with the AM1
method implemented in Mopac 2016"® using the Cuby4
framework®® with added D3° dispersion. The heating of sys-
tems was realized from 0 to 300 K by 3000 steps. MD 0.1 ns
simulations were carried out at 300 K using the Berendsen
thermostat.”® Domain-based Local Pair Natural Orbital-
CCSD(T) (DLPNO-CCSD(T))**”* the single-point calculations
were performed for the DFT optimized geometries using def2-
SVP basis set. An energy decomposition scheme for the total
interaction energy within the DLPNO framework, known as
local energy decomposition (LED),”* was used for detailed
analyses of the interaction energies.

2.2. IR spectroscopy

A paste of C,, (4 mg) and ca. 20 pl of piperidine was mixed in a
mortar. It was then ground with a pestle for 5 minutes and
placed with a pipette on the ZnSe crystal of the FT-IR instru-
ment. The spectra were collected immediately (Cgo-P1 sample)
and after a few minutes (Cg-P2 sample) to let pip molecules
evaporate until the IR signal was enriched with the vibrations
from the Ceo—pip complex.

FT-IR spectra were recorded on an iS5 FTIR spectrometer
(Thermo Nicolet) using the Smart Orbit ZnSe ATR accessory.
The pastes or liquid piperidine were placed on the ZnSe crystal,
and the spectra were acquired by summing 32 scans with
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nitrogen gas flow through the accessory. Background spectra
were collected under identical conditions.

2.3. NMR spectroscopy

Solution-state NMR spectra were recorded on Bruker Avance
600 ("H at 600 MHz, *C at 151 MHz) spectrometer in deuter-
ated 1,2-dichlorobenzene. The spectra were referenced to the
residual solvent signal (the highest-chemical-shift signals
at 7.40 ppm for 'H and 132.60 ppm for *C). All chemicals
were purchased from Sigma-Aldrich and were used without
further purification. Fullerene C,, (11 mg) was dissolved in
1,2-dichlorobenzene-d4 (550 pL) with sonication and vigorous
mixing. After the proton and carbon spectra acquisition, piper-
idine (35 puL) was added, and the proton and carbon spectra of
the mixture were measured.

3. Results and discussion
3.1. Interaction energies

Cyo- - -pip. Fig. 1 displays the structures of C,,---pip com-
plexes formed at A, B, and C sites of C,, optimized using the

Fig.1 The minima of Co- - -pip: (a) DB and (b) vdW complexes at site A,
(c) DB and (d) vdW complex at site B, and (e) vdW complexes at site C
calculated at the PBEO-D3BJ/def2-TZVPP level. The Cyo- - -pip distances
are given in A (gas phase: dark blue, solvent phase: red).
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Table 1 Total DFT interaction energies (AE), deformation energies
(AEP®), and intrinsic interaction energies (AE™T®) calculated at the
PBEO-D3 and MP2 levels using the def2-TZVPP basis set for DFT and
cc-pVQZ for MP2. In brackets are dispersion parts of AE™® calculated
from Grimme's DFT-D3 correction. All values are in kcal mol™*

PBEO-D3
Site AE AE™NTR AEP"  AE™TR(MP2)
Coo- - 'pip
vdW complexes A —5.3  —5.3(—4.9) 0.0 —7.4
B —52  —53(-4.9) 0.1 -7.3
C —5.5  —5.5(—4.9) 0.0 -7.8
DB complexes A -2.6 —20.1(-7.8) 17.5 —18.3
B +1.0 —15.3(-7.9) 163  —121
Cso - +(Pip)2
vdW complexes B —8.8 —10.2(-9.7) 1.4 —13.9
C -88 —9.9(-9.7) 11  —143
DB complexes A —-16.0 —40.1(—11.6) 24.0 —40.1
B —12.2 —35.6(—12.1) 23.4 —34.2
C —4.4 —29.7(-13.0) 254  —31.0

PBEO0-D3/def2-TZVPP approach. The optimization procedure
located two types of minima, formed by the interaction between
C(C5) and N(pip): the vdW complexes which interact via C- - -N
tetrel bond* with the bond lengths of 2.9-3.1 A and the DB
complexes interacting via N—C bond with bond lengths of
about 1.6 A. The calculations show that the vdW complex type
can exist on all (A, B, and C) sites with very similar stabilities of
5.2-5.5 kecal mol . In all cases, almost identical values of AE
and AE™™ show negligible deformation energies, less than
0.1 kcal mol ™" (see also Table 1 for the deformation energies).
The results obtained for DB structures provide a less uniform
picture. The optimization procedures found the stable minima
at A and B sites, located at the intersection of five- and six-
member rings. Such a complex does not form at the all-benzoid
C site. Both AE™™ values and N—C bond distances indicate
stronger interaction at the A site. Although the AE™"™® values
of localized DB structures are significantly larger than
their vdW counterparts, large deformation energies make them
only weakly bound (site A, —2.6 kcal mol ") or unstable (site B,
+1.0 kecal mol ™).

Cso- - -(pip),. Binding of (pip), provides a different picture of
both DB and vdW complexes’ stabilities. Fig. 2 and Table 1
display their structures and interaction energies. The inter-
action energies are calculated with respect to (pip), in which
the inner and outer pips bind via N—C bond to C,, and NH
(inner)- - ‘N (outer) motif, respectively. Contrary to the binding
of pip monomer, the vdW complexes formed at B and C sites
only; all attempts to localize vdW minimum at the A site
resulted in DB structures. For vdW complexes, the calculated
AE™™ and AE values are almost identical, and the values of
their deformation energies almost negligible. Interaction ener-
gies and C-N distances reveal stronger interaction in C,q
complexes with pip dimers than their corresponding monomer
counterparts. Unlike C,- - -pip, stable DB complexes with (pip),
formed at all carbon sites of C,,. As in monomer, the AE™™®
values are significantly larger, by 20-25 kcal mol ', for DB.

Phys. Chem. Chem. Phys., 2021, 23, 4365—4375 | 4367
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Fig. 2 The minima of Cyo- - -(pip)2: the DB complexes at the A-site (a) and
B-site (b); the vdW complex at B-site (c), the DB complex at C-site (d), and
the vdW complex at the C-site (e). The structures are optimized at the
PBE0-D3BJ/def2-TZVPP level. The distances are given in A (gas phase:
blue, solvent phase: red).

Besides, C-N distances in Cyo- -+ (pip), and N-H distances
within (pip), shorten by 1.0-1.4 A and by 0.3 A, respectively,
reflecting the strengthening of both interactions in the com-
plexes. Substantially larger stabilities of DB in C,q- - -(pip), than
that of C,- - -pip, as well as shorter N-C bond lengths (see Fig. 1
and 2 and Table 1) suggest the stabilization due to cascade
outer pip — inner pip — C;, charge-transfer, which results in
strengthening of N — C dative bond. The natural bond orbital
(NBO) analysis reveals a substantial charge transfer (0.67 e)
from the pip dimer to Cy0. A similar effect, i.e., the hydrogen
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bond strengthening of the dative bond, was observed in our
previous studies on the Cgo- - -(pip), complexes®>” and can be
viewed as a subclass of non-covalent cooperativity.”®>”

The changes in the molecular electrostatic potential of C,
and pip complexes (see Fig. S1, ESIt) demonstrate different
characters of the interactions. ESP of isolated C,, forms small,
slightly positively charged islands located on top of the five-
and six-membered rings. Upon the complexation with a single
pip, the electron density transfers from pip to C;, resulting in
significantly negative ESP values on the C,, region opposite to
the pip binding site. These changes are further pronounced in
the DB complex with pip dimer.

An electron-dense C;, can strengthen the host-guest
complex stability when the ellipsoidal guest C,, forms a
Saturn-shaped complex with a macrocyclic host molecule.*®
As the CH---m interactions play an important role in these
host-guest complex types, the DB complex of C,, should be a
better guest molecule than isolated C.

From an electrochemical perspective, an efficient charge
transfer process requires substantial differences in the redox
properties, in particular, redox potentials (estimated using
adiabatic electron affinities (AEA)),>® of the isolated C,, and
DB complex. The calculated AEA of the C,, and C- - -pip are
2.62 eV and 2.18 eV, respectively, showing decreasing in the
electron-accepting ability upon complexation with pip.

The deformation energies of about 25 kecal mol ™ for all sites
significantly affect DB overall stability, reordering DB and vdW
relative stabilities at the C site.

The observed energy balance between the vdW and DB
complexes of Cy¢- - -pip and Cyo- - -(pip), for different sites reveal
different potentials for formation, i.e., the increasing probabil-
ity of DB complex formation in the C - B — A sequence and
the opposite trend for vdW complex formation. This phenom-
enon is discussed in paragraph 3.6.

Calculated DFT-D3 corrections (Table 1) demonstrate the
role of dispersion interactions in complex stabilities, showing
their significant contributions in both binding types. In parti-
cular, the dispersion energy dominates the interaction
energies in the vdW complexes and contributes to the total
interaction energies of the DB complexes by 30-50%, respec-
tively. We have performed local energy decomposition (LED)
analysis at the DLPNO-CCSD(T)*>®! level (Table S1, ESIf).
Stabilizing electrostatic as well as destabilizing exchange-
repulsion energies have a small contribution to the stabili-
zation energy. The DLPNO-CCSD(T) intrinsic energy is in
reasonable agreement with that calculated at the DFT level.
Table 1 also lists the results of AE™™® calculations obtained at
the MP2/cc-pVQZ level, showing agreement with PBE0-D3/def2-
TZVPP results in the complexes’ relative stabilities. The AE™™®
values do not differ by more than 10% for the majority of
structures. Significant overstabilization at the MP2 level for
vdW, which accounts for 40-45%, demonstrates the well-known
overestimation of the dispersion interactions in the MP2
method. Nevertheless, the present results and benchmarking
results with the highly accurate CCSD(T) method performed
on smaller fullerenes®” justify the reliability of the DFT-based
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Table 2 Thermodynamic characteristics (in kcal mol™, T = 298 K) for the formation of Cq- - -pip and Cyo- - -pip, complexes calculated at PBEQ-D3BJ/

def2-TZVPP level. The solvent phase results are given in parenthesis

Site AE AG AH —TAS

Cyo: - -pip

vdW complexes A —5.3 (—3.9) 4.6 (5.5) —4.0 (—2.6) 8.6 (8.1)
B —5.2 (74.0) 4.2 (5 5) -3.9 (72.7) 8.1 (8 2)
C —5.5 (74.2) 3.5 (5 0) —4.2 (72.9) 7.7 (7 8)

DB complexes A —2.6 (—9.6) 13.0 (6 3) —0.3 (—7.0) 13.3 (13.4)
B 1.0 (75.7) 16.3 (10 1) 3.2 (73.2) 13.2 (13.3)

Cro - +(pip)2

vdW complexes B —8.8 (—6.0) 4.2 (5.5) —8.1 (—5.4) 12.3 (10.8)
C —-8.8 (-7.1) 0.9 (3.2) —7.5 (—5.7) 8.4 (8.9)

DB complexes A ~16.0 (—19.6) 1.8 (—1.8) —-13.7 (—-17.3) 15.5 (15.5)
B —12.2 (—15.8) 5.6 (1.6) ~10.0 (—13.6) 15.6 (15.2)
C —4.4 (—5.7) 12.9 (11.7) —2.4 (=3.7) 15.3 (15.4)

approach in this case and its use for further studies on
C5o- - -(pip), complexes.

We quantify the local aromaticities of 5- and 6-membered
rings of the Cyo --pip and Cyq --(pip), DB complexes by
NICS(0),, indexes calculated at the ring centroids®® and com-
pare them with those of the isolated C,, (Fig. S2 and Table S2,
ESIt). The aromaticity of the 5-membered rings in the polar
region increases upon complex formation with pip. The
NICS(0)zz values of the 5-membered rings in the equatorial
region in DB complexes significantly change and become
antiaromatic.

3.2. Binding free energies

Further insight to the C,o- - -pip and Cyo- - -(pip), complex for-
mation is provided by the calculations of the free energy (AG) at
298 K, performed at the PBE0-D3/def2-TZVPP level (Table 2).
Insertion of entropy effects results in positive AG values, which,
however, does not rule out the existence of the complex in pip
solvent. The solvent pip molecules can stabilize the complex via
dative and non-covalent bonds. In the continuum solvent
model, the C,y --(pip), complex at A-site has a negative AG
value of —1.8 kcal mol™" (Table 2). Thus, C,- - -(pip), complex
with (pip), attached to the A-site via dative bond is the most
likely to be formed and detectable in the experiment.

3.3. MD simulations

To provide a more realistic model picture of the complex
formation in the piperidine solvent, the MD simulations in
the piperidine droplet (26 solvent molecules) were performed.
The systems’ size prohibits using the DFT approach even with
the limited 6-31G* basis set.

Table 3 compares results on the relative stabilities of
Cso- - -(pip)1,, complexes obtained with the PBEO0-D3/def2-
TZVPP and MP2/cc-pvQZ and AM1-D methods. The AM1-D
approach reproduces the AE and AE™"® values of vdW com-
plexes with an excellent agreement. Although the interaction
energies of Co- - -(pip), » are overestimated at this level, AM1-D
still predicts larger stabilities of C,o---(pip),, with the com-
plexation at C-site being the least probable.

This journal is © the Owner Societies 2021

Two minima, with one or two pip molecules interacting via
N—C bond (S1 and S2, Fig. 3) with A-sites of C,,, were found.
Note that the dative bond is formed at A-sites even if the
optimization procedure started from the structure with N—C
bond at C-site. The S1 structure, with one N—C bond, is by
10 kecal mol ™" less stable than the S2 system.

The molecular dynamics simulations starting from the S1
and S2 structures and running for 100 000 MD steps (i.e., total
simulation time 100 ps) at 298 K confirmed the existence of one
and two N— C bonds complex. During the molecular dynamics
run, three (S1 structure) and four (S2 structure) pip molecules
escape from the surrounding shell.

3.4. FT-IR spectra

Fig. 4 shows the FT-IR spectra of C;, and its mixture with
piperidine solvent after the evaporation of some excess amount
of unbound piperidine molecules (labeled C,,-P1 and C,,-P2,
respectively). For the sake of comparison, the FT-IR spectra of
Cgo With the piperidine solvent (Cgo-P2 discussed previously
(ref. 27)) are also included.”” In addition to the collective band
at 1000-1200 cm ™' previously assigned to the C-N bond and
skeletal -C-N-C stretchings®*®* due to unbound piperidine
molecules, a new band appears at 983 cm ™. A similar situation
was also observed in the Cgy-P2 spectrum (see also ref. 27).

Table 3 Comparison of the total interaction energies (AE, kcal mol™) and
intrinsic interaction energies (AE™TR) calculated at the PBEO-D3, MP2, and
AM1-D methods

AE AE AEINTR AEINTR AEINTR
Site (DFT) (AM1-D) (DFT) (MP2) (AM1-D)
Cso- - 'pip
vdW complexes A —-53 —6.5 —5.3 —7.4 —6.5
B —5.2 —6.7 —5.3 -7.3 —6.7
C —5.5 -7.1 —5.5 -7.8 —-7.1
DB complexes A —-2.6 —-9.8 —20.1 —18.3 —-31.1
B +1.0 -9.8 —15.3 —-12.1 -32.0
Cro - +(pip)2
vdW complexes B —-8.8 —11.3 -10.2 —-13.9 —12.3
C —8.8 —-11.2 -9.9 —14.3 —12.4
DB complexes A —16.0 —18.7 —40.1  —40.1  —42.3
B —-12.2 —-19.0 —35.6 —34.2 474
C —4.4 —6.1 —29.7 —-31.0 —34.6
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Fig. 3 The mixture of C; with 26 piperidine molecules with one (S1) and
two (S2) dative bonds formed in the minima structures (left) obtained in the
optimization at the AM1-D level. The structures on the right side are after
0.1 ns MD AM1-D simulation.

The calculations (see Table S3 and Fig. S3, ESIY) interpret this
band as a result of the asymmetric stretch (938 cm ™", intensity
73 km mol ") of the newly formed N—C bond in C,,-(pip),
complex. Calculated symmetric stretch located at 880 cm ™"
is also present in the C;y-P2 spectrum, similar to the Cgo-P2
spectrum.
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The N-H bending vibrations are expected in the spectral
region of 1500 and 1650 cm '. The spectrum of unbound
piperidine is consistent with these bands’ negligible intensities
calculated for (pip), s complexes in the previous study.”” Com-
pared to the Cg4-P2 spectrum, with one clear band at 1540 cm™*
due to the N-H bending mode of the inner piperidine (with the
N atom is involved in bond with Ceo>”), two bands at 1540 and
1630 cm™ " appear in the spectra of C,(-P2. Assignment of these
bands relies on the (pip)2 bound calculations at three different
structural motifs (A, B, and C), giving the N-H bending vibra-
tions frequencies at 1565, 1568, and 1535 cm ' at A-, B-, and
C-sites, respectively. Besides, few low-intensity peaks of N-H
bending vibrations appeared in the region of 1613-1624 cm™ "
(Table S3, ESIY).

The spectral region of 2700-3000 cm ™~ and higher than
3000 cm™* correspond to C-H and N-H stretching vibrations,
respectively. (Fig. 4b). The former bands are retained without
changes, while an intensity depletion of the later bands upon
pip evaporation indicates a decreased number of hydrogen
bonds formed within piperidine molecules.

1

3.5. NMR spectroscopy

Fig. 5 displays the "H NMR spectrum of the mixture of C,, and
pip in 1,2-dichlorobenzene. The spectra of pure C,, and piper-
idine, and the mixture of Cqo with pip in the same solvent
are shown for comparison. In agreement with the previously
studied Cgo- - -pip system (Fig. 5 and ref. 27), the character
of the spectrum at the chemical shift of about 3.5 ppm
also changes in the C,q---pip mixture, however, in a more
complex manner. Based on the previous study on Cgy- - -pip in
1,2-dichlorobenzene,?” the observed changes are interpreted by
forming the N—C bond. A larger number of the new signals
and lower intensities (Fig. 5) most likely result from the lower
symmetry of C;, compared to Ceo, hence a presence of multiple
complexes. However, the observed experimental results cannot

Absorbance (a.u.)

Absorbance (a.u.)

\/\

Wavenumbers (cm ")

Wavenumbers (cm ')

Fig. 4 FT-IR spectra of C;o and its complex with piperidine before evaporation (C;0-P1) and after evaporation of some excess amount of unbound
piperidine molecules (C;0-P2) at two spectral windows for the observation of (a) the C-N stretching and N-H bending vibrations, and (b) the N-H
stretching vibrations. The spectra of pure piperidine and its complexes with Cgo (Cgo-P2) are given for comparison.?”
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Fig. 5 Part of *H NMR spectra of 1,2-dichlorobenzene-d4 (550 pL) solutions of piperidine, the mixture of C,o and piperidine, the mixture of Cgo and
piperidine, and C;o. The black dashed arrows highlight the signals of the Cgo-piperidine and Cyo-piperidine complexes.

provide a conclusive answer to whether the different signals result
from binding of the inner pip to various sites or from a different
orientation of the outer pip to C,. The calculated "H-NMR spectra
show the larger chemical shifts of C-H hydrogens at alpha-(H2)
positions compared to those in the isolated pip. This observation
correlates well with the experimental "H-NMR spectra (Fig. 5). In
fact, the equatorial hydrogens in the inner pip show the largest
chemical shifts indicating a direct involvement of pip N in the
complex compared to the outer pip (Table S4, ESIT).

The low concentration of the complexes does not allow for
fast measurement of carbon NMR spectra. However, the pro-
ton-carbon correlation experiment (HSQC, Fig. S4, ESIt) shows
that the new proton signals are attached to piperidine carbon
atoms with similar chemical shifts as those in the previously
studied Ce,-piperidine complex.>”

Unfortunately, during 1-2 days required to obtained a C-NMR
spectrum with a good signal-to-noise ratio (Fig. S5, ESIf), new
signals overlapping with the original signals, observed immedi-
ately after dissolution, appear in proton spectra (see Fig. S6, ESIT).
These new signals probably correspond to the structures resulting
after the addition of piperidine to C,,. '*C spectrum of the
sample after standing (Fig. S5, ESIT) exhibits signals in the region
70-80 ppm, which are typical for the products of addition (i.e.,
covalent bond formation) of secondary amines to Cgo.>>

3.6. Explanation of different strengths of the N— C dative
bond at various structural motifs of C,

The above calculations on the interaction energies in C,q- - -pip
complexes forming N—C bond together with previously
reported results on the character of pip complexes with C,,
Ceo, and CNT structures®” call for further discussion on

This journal is © the Owner Societies 2021

structural prerequisites of carbon allotropes to form the dative
bond with electron-donating systems, and the secondary
amines, in particular. The symmetry of C,, with binding
carbon-sites of different characters, ie., five different types
according to their location within the C,, structure, offers a
sound system for such analysis. Regardless of the thermody-
namic (in)stability of the dative bond complexes, stable
Cyo' - (pip)> minima with N— C bond exist at all three carbon-
sites (A, B, and C) of C,, characterized by AE™"™ and AE values
in the range of —29 to —40 kcal mol " and —4 to —16 kcal mol *,
respectively, ie., with a similar stabilities as Cgo - -(pip),
DB complexes with AE™™ of —36 kcal mol™' and AE of
—13 kecal mol™". The failure of CNT to form these complexes
led to the conclusion that the out-of-plane planarity is an
essential but insufficient requirement to form dative bonds
with carbon allotropes due to the still significant aromatic
character of the six-membered ring. The presence of the five-
membered ring explained the formation of dative bonds due to
their larger aromaticity decrease upon deviation from planarity.”

Our results on Cyq - -(pip), reveal the large stability of DB
complexes formed at sites that contain five- and six-member
rings (sites A and B). The complex formed on the A-site, located
close to apexes of the rugby ball with larger out-of-plane
deviation, is more stable (see Fig. 6 and Scheme 1) than that
formed on the B-site, located close to the central part of the
ball. The existence of the dative bond at the C-site containing
only the six-member rings is surprising and contradicts the
previously proposed prerequisite to forming the dative bond.
Fig. 7 explains the observed DB formation at the C-site based
solely on structural arguments. Comparison of the geometries
of the pyrene motif cut from CNT, C,,, and isolated pyrene
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Fig. 6 Curvature comparison of Isolated-pentagon-rule motif (blue),
A motif from C5q (green), and B motif from C,q (red) from three different
views.

Fig. 7 Comparison of planar pyrene (blue) and pyrene motifs cut from
carbon nanotube (red) and C-site of C;o (green) viewed from different
angles.

shows the trends in structure distortions of the former two
systems. While the pyrene motif significantly declines from the
plane in one direction in CNT, it deviates from the plane in
both directions in the C,, fragment.

The stability and chemical reactivity of non-planar n-
conjugated systems are described based on the m-orbital axis
vector (POAV) analysis.®®®® For this purpose, the systematic
calculations of pyramidalization angles of the carbon atoms at
the A, B, and C-sites in Cy, are performed, giving the values of
11.9°% 11.5° and 8.6°, respectively. The values for planar ben-
zene and Cgo are 0° and 11.6°, respectively.®® This analysis
indicates a larger reactivity of the A-site in C,, than CNT (m,n),
with m = 6-10, n = 0, and CNT (m,m) with m = 5-8. This result
further supports the DB complex formation.®®

Calculations of Fukui indices (f;', see Table S5, ESI}) also
reveal different potentials of carbon sites for N— C formation.
Larger values of f;" obtained for the A and B sites are in line
with their larger interaction energies in DB complexes com-
pared to the smaller stability and small f;" value calculated for
the C-site and the inability to form this complex in CNT with
the negative value of f;'.

Thus, the above analyses conclude that the N—C bond
between fullerenes and pip can form at any structural motif
providing sufficient out-of-plane deviations.

4. Conclusions

The present studies on the complexes of the secondary
amine piperidine and C,, performed using computational
modeling and experimental IR and NMR spectroscopy prove
the dative/covalent complex’s existence, previously observed for
other ball-shaped carbon allotropes, and provide additional
insight into its structural selectivity. Larger out-of-plane
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deviations occurred in both directions of the pyrene fragment
explain the dative bond formation at the region with six-
membered rings, not observed previously with CNT. The calcu-
lations reveal stronger bonding on carbon sites which partici-
pate in both, five- and six-member rings compared to carbon
site located in the region consisting solely of six-member rings.
The calculated free energies suggest that only the complexes
formed with carbon sites on the poles of the rugby-ball struc-
ture are thermodynamically stable. This study provides pre-
viously unknown information on the interaction of C,, with
secondary amines, which may be exploited to design fullerene
derivatives with application in spintronics, (electro)catalysis,
and energy storage.
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